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Lipid raftsLigand–receptor interactions, which represent the core for cell signaling and internalization processes are largely
affected by the spatial conﬁguration of host cell receptors. There is a growing piece of evidence that receptors are
not homogeneously distributed within the plasma membrane, but are rather pre-clustered in nanodomains, or
clusters are formed upon ligand binding. Pathogens have evolved many strategies to evade the host immune
system and to ensure their survival by hijacking plasma membrane receptors that are most often associated
with lipid rafts. In this review, we discuss the early stagemolecular and physiological events that occur following
ligand binding to host cell glycolipids. The ability of various biological ligands (e.g. toxins, lectins, viruses or
bacteria) that bind to glycolipids to induce their own uptake into mammalian cells by creating negative
membrane curvature and membrane invaginations is explored. We highlight recent trends in understanding
nanoscale plasma membrane (re-)organization and present the beneﬁts of using synthetic membrane systems.
This article is part of a Special Issue entitled: Nanoscale membrane organisation and signalling.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Ever since the discovery of the ﬂuid mosaic model of the plasma
membrane architecture [1], there has been an increasing interest
in this very important part of the cell, without which the cellular ma-
chinery would fail completely. The signiﬁcance of the plasma mem-
brane is no longer restrained to a mere semipermeable barrier that
functions to exchange ions and nutrients. Over the years, its involve-
ment in several cell survival processes has been emphasized. The immu-
nological highlight is that pathogens or their products need toﬁght their
way into the cell by crossing this barrier. In this review, we focus on the
ﬁrst molecular events materializing at the outer leaﬂet of mammalian
cell plasma membranes during microbial invasion, that translate into
changes in the cytosolic facet of the plasmamembrane, further advanc-
ing with a bird's eye view on the immediate downstream signaling
processes preceding internalization. We seek to give a detailed account
of proteinaceous ligands, representative of simplest (toxins, lectins,
viruses) and complex (bacteria) microbial world, which lead to plasma
membrane redesigning. Small receptor clusters formed by dynamic
assembly and disassembly of plasma membrane proteins and lipidsle membrane organisation and
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winfried.roemer@bioss.uni-take the center stage for host pathogen interactions. Glycolipid receptor
clustering and actin remodeling are important mediators of plasma
membrane dynamics in the context of pathogen or toxin entry. The
initiation and completion of the pathogen internalization process
depend upon a number of factors such as the nature and chemistry of
the different ligands, their varied receptors, the localization and distri-
bution of receptors, binding afﬁnity and avidity. With the advent of
artiﬁcial biomimetic systems, which serve as minimal membrane
systems, we have gained a better understanding of host receptor–ligand
interactions and resulting endocytic mechanisms [2].
1.1. Plasma membrane architecture: A brief overview
The plasma membrane framework is very complex and hence its
understanding has undergone a sea surge of changes right from the
discovery of the ﬂuidmosaicmodel in 1972 [1]. There have been several
theses and antitheses regarding its structure [3]. The most widely
accepted model today includes that of Karnovsky and co-workers,
and further reﬁnedﬁndings of Simons and Ikonen. It represents the con-
cept of a dynamic lipid bilayer containing more ordered and tightly
packed microdomains called lipid rafts that compartmentalize cellular
processes [4].
1.1.1. Lipid rafts: The signaling hub
Membrane lipid rafts are speciﬁc domains of the plasmamembrane,
in the size range of 2–200 nm, enrichedwith a special subset of proteins,
lipids and signaling molecules such as Yes, Lyn, H-Ras, and G protein α
subunit, to name a few [5]. These rafts serve as platforms for several
Fig. 1. Schematic illustration of ligand-driven receptor clustering and tubule formation in
giant unilamellar vesicles. Glycolipids cluster upon highly speciﬁc toxin binding (A),
which induces the formation of tubular membrane invaginations (B). The ﬁgure is not
drawn to scale. The right panel is an enlarged view of the small, yellow shaded region of
the giant unilamellar vesicle (left).
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leaﬂet comprises of cholesterol, glycolipids and GPI anchored proteins,
the inner facet is made of unsaturated phospholipids andmostly caveo-
lin. There is a vast variation in size and corresponding lifetimes of lipid
rafts in physiological conditions, depending on whether they are in
their native or stimulated state. The unstimulated lipid raft domains
are highly dynamic, small (2–10 nm) and short-lived (1 ns–1 s). Upon
receiving an external stimulus, raft-associated receptors cluster togeth-
er to form stable, larger domains in the size range of 10–20 nm, which
possess a longer lifetime [6]. These larger domains are formed by
recruiting cholesterol and other saturated lipids near the site of ligand
binding [7]. Pathogens target lipid raft components and hijack cellular
signaling pathways in order to evade the host system. It is also believed
that the entry of pathogens,which ismediated by lipid raft components,
increases their chance to avoid lysosomal fusion and overpower the
host immune response to sustain intracellular survival [8]. The impor-
tance of membrane lipid rafts in signaling has been proven by studies
that showed the inhibition or stimulation of signaling pathways due
to disruption of lipid rafts, e.g. by cholesterol depletion, conversion of
sphingomyelin to ceramide and several other approaches, which are
discussed in later sections. The recent understanding of lipid rafts and
associated protein–lipid diffusion has been elaborately reviewed in
Ref. [9].
1.1.2. Actin as organizer of plasma membrane architecture
Major functions of the actin meshwork include phagocytosis,
macropinocytosis, endocytosis, formation of lamellipodia and ﬁlopodia.
The actin cortex not only provides a structural stability to the entire cell,
but also is dynamically involved in guiding cytosolic proteins such as
Rho GTPases to associate with membrane receptors and transduce
signaling cascades. The actin cortex acts as a barrier that moderates
the rate of diffusion of proteins and lipidswithin the plasmamembrane.
Membrane blebs and artiﬁcial membranes that lack actin have a higher
rate of protein and lipid diffusion when compared to the membranes
that contain actin [10]. Recent studies proved that actin depolymer-
isation prevented the formation of lipid rafts by increasing the diffusion
rate of lipid raft markers [11,12]. A multitude of weak binding inter-
actions between cortical actin components and plasma membrane
phospholipids provide the adhesion energy required to keep the mem-
brane tethered to the cytoskeletal surface [13].
1.1.3. Membrane curvature and sorting at the plasma membrane
Membrane curvature is a phenomenon involved in several biologi-
cally signiﬁcant processes such asmitosis, endocytosis, apoptosis,mem-
brane fusion and ﬁssion. Positive or negativemembrane curvatures lead
to changes in the total surface area of the cell membrane. Factors that
contribute to membrane curvature include shape, size, asymmetric
distribution and bending rigidity of lipids and proteins. Small GTPases,
clathrin, caveolin, dynamin and Bin/Amphiphysin/Rvs (BAR) do-
main proteins help in scaffolding the new structures formed due to
membrane bending. The N-BAR domain proteins such as endophilin,
amphiphysin, centaurin and nexins, sense membrane bending and ad-
here to these curved regions to induce 3D tubular structures of diame-
ters ranging between 20 and 60 nm [14]. In a recent study by Linkner
et al., I-BAR proteins induced membrane invaginations on ﬂuorescent
GUVs that contained PI(4,5)P2. Furthermore, I-BAR proteins were ob-
served to concentrate on constrictions of phagocytic cups, indicating
their role in phagocytic uptake of pathogens [15]. Recent studies have
reported a strong inﬂuence of PI(4,5)P2 in the membrane deforming
activity of BAR domain proteins [16].
In molecular simulation studies, it was speculated that membrane
curvature may be induced by lateral heterogeneous distribution of
lipids and transmembrane proteins, or it is possible that protein–lipid
clusters accumulate in preformed membrane invaginations due to
their heterogeneous nature [17]. The extent of curvature determines
packing of lipids, which explains the looser packaging of lipids in theouter leaﬂet than in the inner leaﬂet of the plasma membrane. A recent
review onmembrane bendingmechanisms explains the effect of mem-
brane protein crowding and resulting uneven mass distribution across
membrane bilayers [18]. Clustering of plasma membrane receptors
upon ligand binding may result in similar mass distribution on cell
membrane and artiﬁcial bilayer systems [17]. As an example to this
phenomenon, we consider glycolipid receptor clustering upon toxin
binding to a lipid bilayer (Fig. 1). It is deducible that the clustered
ligand–receptor mass exerts a stress on the outer membrane leaﬂet at
the site of toxin binding, which translates into negative membrane cur-
vature, leading to increased surface area to facilitate additional ligand
binding. As a result of this local compaction of lipids, more ligands
bind, boosting the membrane deformation, leading to tubule formation
once a critical concentration of ligand–receptor clusters is achieved.
1.1.4. Artiﬁcial membrane systems: Essential tools for studies onmembrane
dynamics
Among the biomimetic membrane models available, giant unila-
mellar vesicles (GUVs) and planar membrane systems like supported
lipid bilayers (SLBs) have become important tools to understand mem-
brane dynamics upon binding of proteinaceous ligands such as toxins
or viruses. The artiﬁcial membranes are meant to be simpliﬁed models
of the plasma membrane, which are used in place of native cellular
membranes in order to prevent data overcrowding, improve data
analysis and interpretation. Hence, they contain only a few main
components of the plasma membrane, such as phospholipids, e.g. 1,2-
dioleoylphosphatidyl choline (DOPC), cholesterol, sphingomyelin, ﬂuo-
rescent membrane markers (to visualise the bilayer), and a receptor
molecule such as the ganglioside GM1. SLBs represent a planar mem-
brane sitting on a solid support [19]. Themain advantage of this system
is its stability and hence the possibility to image in high-resolution using
atomic force microscopy (AFM). By performing AFM, one could gain
data on the nanoscale membrane organisation of cellular and artiﬁcial
membrane systems [20–22]. In the recent past, a combination of AFM
with ﬂuorescence microscopy and spectroscopy tools has been
established to study ceramide-mediated membrane rafting [23,24].
GUVs with sizes ranging from 10 to 100 μm are one of the most widely
exploited models to study lipid rafts by ﬂuorescence microscopy. The
current understanding of the raft hypothesis, derived from membrane
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rated lipid-rich liquid ordered (Lo) domains and unsaturated lipid-rich
liquid disordered (Ld) domains. Differences in composition as well as
spacial and geometrical alignment of the lipids may contribute to the
creation of other domains. In line with this, recent reports suggest that
there are more than the classical Lo domains. Sodt et al. used molecular
dynamics simulations to study in detail Lo domains of lipid bilayers [25].
They observed the existence of several laterally segregated phases, con-
taining regions of hexagonally packed saturated hydrocarbon chains
separated by cholesterol and unsaturated hydrocarbon-rich interstitial
regions. Watkins et al. and Schütte et al. have independently described
the formation of a third phase, intermediate between Lo and Ld domains,
and termed it as liquid-textured (Lt) domain and liquid-intermediate
(Li) domain, respectively [26,27]. Windschiegl et al. used GUVs and pla-
nar SLBs comprising a lipid mixture of DOPC/cholesterol/Gb3 to study
Shiga toxin-induced Gb3 clustering [28]. Shiga toxin-induced tubuleFig. 2. Ligand-induced plasma membrane dynamics and membrane tubulation. a) Plasma me
is depicted in b), where only minor changes in the plasma membrane are observed due to sm
c). These dynamic processes lead to tubular membrane invaginations in d). A representation
bacteria (f), respectively, is depicted. In d), we present hypothetical stages of signaling path
(SP-II), or a cytoplasmic raft-associated protein (SP-III). Different signaling molecules may be
binding to non-raft associated receptors may: (1) mediate a signaling pathway (SP-IV), (2) ma
Meanwhile, actin cytoskeleton undergoes depolymerization and polymerization at different stformation was observed in GUVs whereas the topological composition
of the lateral protein–lipid reorganizationwas studied on SLBs by apply-
ing techniques such as ﬂuorescence andAFM [28]. In recent times, alter-
natives of GUVs and SLBs such as pore spanning lipid bilayers [29] and
native plasmamembrane sheets [30] are being used to study key inter-
actions, which are otherwise difﬁcult to interpret in complex cellular
environments.
2. Plasma membrane reorganization by ligand-induced glycolipid
clustering
Ligand–receptor interactions lie at the core of signaling processes.
The spatial conﬁguration and thenumber of ligandbinding sites (valency)
affect induction of intracellular signaling and ligand internalization.
The receptors are not homogenously distributed on the cell membrane;
they are sometimes decorated in patches conﬁned to lipid rafts. Smallmbrane before ligand binding. The initial stage of ligand binding to a receptor molecule
all localized clusters of receptors. More prominent membrane dynamics is observed in
of membrane tubulation induced by different cargoes such as toxins (d), viruses (e) and
ways that may involve an integral membrane protein (SP-I), a transmembrane protein
recruited depending upon the microenvironment of the host–receptor complex. Ligand
y never induce signaling, and (3) may never undergo functionally meaningful trafﬁcking.
ages of microbial uptake.
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towidespread differences in its activity (Fig. 2). In this review, our focus
is mainly on glycolipids as host plasma membrane receptors.
Glycolipids are complex, amphipathic cell surface markers mostly
found in association with GPI anchored proteins, cholesterol, sphin-
gomyelin and other components of membrane lipid rafts. Mostly, a cer-
amide moiety is bound to a long chain fatty acyl group. The length and
nature of the acyl chains and the oligosaccharide moiety of glycolipids
are important modulators of ligand–receptor interactions [31]. Further-
more, their biophysical properties aid in alteration of the membrane
curvature, thus facilitating microbial interactions with host cells. Of
the several bacterial toxins that interact with glycolipids, cholera toxin
(Ctx) and Shiga toxin (Stx) have been widely studied. As detailed
below, when Stx, Ctx or Simian virus 40 (SV40) bind to their respective
glycolipid receptors, this leads to induction of negative membrane
curvature and formation of tubular plasma membrane invaginations
as initial step for their cellular uptake [32–34]. It is possible that the
ligand chooses the host endocytic machinery to be exploited for its
own uptake, depending on the location and type of glycolipid receptor
that it binds to.
Although there are several cargoes that can lead to receptor cluster-
ing at the plasma membrane, mentioning each of them is beyond the
scope of this review. Various cargoes that induce glycolipid and/or gly-
coprotein clustering at the plasmamembrane are mentioned in Table 1
(at the end of the review) together with their receptors, raft association,
interacting signaling molecules and entry routes. From now on, we
mainly focus on cargoes that bind and induce glycolipid clustering
translating to early signaling events downstream. In this context, we
ﬁrst choose simplest proteins such as Shiga and cholera toxins that
have been described to cause membrane deformations to promote
their own entry into the host. It is imperative to discuss these proteins
since they are being implicated as tools to understand the molecular
mechanisms involved in pathophysiology of human infections [35].
Then, a discussion on pathogens with intermediate complexity, such
as SV40 and norovirus follows. These guide their own cellular uptake
by exploiting glycolipids as cellular receptors. Finally, we highlight
how the human opportunistic bacterium Pseudomonas aeruginosa,
a complex organism compared to the others mentioned before, hi-
jacks amongst others, the glycolipid Gb3 as interaction partner of its
galactose-speciﬁc lectin LecA, which is exposed at the outer bacterial
surface.
2.1. Plasma membrane reorganization induced by natural lectins and
neolectins
By deciphering the glycocode, multivalent lectins play an essential
role in many biological or pathological processes. Whereas individual
lectin binding sites have rather low afﬁnity for glycans (ranging from
millimolar to micromolar afﬁnity), multivalency leads to high avidity
binding of carbohydrates, which are presented on multiple cell surface
receptors. As mentioned above, prominent molecules with lectin func-
tions are Shiga and cholera toxins.
2.1.1. Shiga toxin
Shiga toxin (Stx) and its variants (Stx1 and Stx2) are produced by
Shigella dysenteriae and Shiga toxin producing Escherichia coli (STEC).
It is a bipartite toxin containing a catalytic 32 kDa A-subunit (StxA)
possessing N-glycosidase activity and a plasma membrane binding
pentameric 38.5 kDa B-subunit (StxB), which is assembled from 5 frag-
ments in the bacterium. Cell binding, internalization and retrograde
trafﬁcking of the toxin occur via its receptor-binding B-subunit. Upon
internalization, StxA is cleaved into two parts, A1 and A2. The A1-
fragment depurinates a single adenine from 28 s rRNA of 60S ribosome
via its N-glycosidase activity, causing cell death induced by inhibition of
protein biosynthesis and ribotoxic stress response. Although Stx is
infamous for its notoriety as a disease causing agent, the highly speciﬁcreceptor binding capacity of its B-subunit renders it useful for research
and treatment of conditions such as cancer [36]. The structure and intra-
cellular fate of Stx have been reviewed in detail elsewhere [37].
The only functional receptor for most Shiga and Shiga-like toxins,
known till date is the glycolipid globotriaosylceramide (Gb3) [38]. The
distribution of Gb3 within lipid rafts is an important determinant of
toxin-induced cytotoxicity [39]. The crystal structure of Stx1B bound
toGb3 analogswasdeduced by Ling et al. fromwhich 3 receptor binding
sites (sites I, II, III) per B-fragmentwere determined. Hence, every intact
StxB can bind up to 15 Gb3 receptor molecules, which is sufﬁcient to
induce receptor clustering on amembrane surface [40]. Bast et al. creat-
ed mutants that lacked the ability to bind to Gb3 by disrupting speciﬁc
sequences on sites I, II and III [41]. The Gb3 binding afﬁnity and cytotox-
icity were most affected by mutations in sites I and II, but not in site III.
This proved that sites I and II lead to high afﬁnity receptor binding.
However, site III played a role in scanning additional Gb3 receptor
epitopes available for toxin binding [27].
2.1.1.1. Receptor clustering and membrane invagination.
Gallegos et al. performed ELISA- and ITC-based experiments to un-
derstand the glycan binding property of Shiga toxins [42]. Upon incuba-
tionwith various glycolipid complexes, it was observed that Stx2 bound
to Gb3 alone. However, it also bound to Gb4when phosphocholine (PC)
and cholesterol were a part of its microenvironment. Stx1, on the other
hand, bound to Gb3 under all circumstances.
Windschiegl et al. corroborated this microenvironment-based Stx
binding and receptor clustering [28]. Different lipid composition and
mixing ratios resulted in diverse membrane bending. GUVs made up
of a 30 mol% cholesterol containing lipid mixture [DOPC/cholesterol/
procine Gb3 (65:30:5) doped with 1 mol% Bodipy-PC], underwent
invaginations when StxB was added. However, in GUVs made up of a
lipid mixture comprising DOPC/sphingomyelin/cholesterol/porcine
Gb3 (41:41:13:5), StxB bound to already phase-separated domains,
thereby forming shallow membrane invaginations, but no tubule for-
mation. Also, planar membranes [DOPC/sphingomyelin/cholesterol/
porcine Gb3 (40:35:20:5)] labelled with 2 different ﬂuorescent mole-
cules by replacing 0.1 mol% of DOPCwith Texas red-DHPE (which local-
ized to the Ld phase), and further 0.2 mol% with perylene were used to
determine StxB effect on lipid re-organization. Before StxB binding,
perylene was mainly localized to the Lo phase. After toxin binding the
perylene ﬂuorescence shifted to the Ld phase, indicating the shift in
partitioning of perylene between Ld and Lo phase after ligand binding.
The displacement of perylene from the Lo phase was suggested to be
due to tighter lipid packing in this phase upon toxin binding. These
studies showed that StxB induced membrane lipid re-ordering. In
another study, StxB binding to GUVs created a densely packed domain
at the binding site, under both normal and high tension conditions
where the GUVs are rigid and fail to undergo bending. Hence, StxB has
an intrinsic property of inducing membrane order, independent of
GUV's pre-curved nature [43].
The structure and fatty acid composition of Gb3 also have a strong
inﬂuence on the localization of the lipids during phase separation.
Lingwood and coworkers recognized that Gb3 species containing
long chain fatty acids (C20–C24) bound more ﬁrmly to Stx than those
that contain short chains (C12, C14) [39]. Schütte et al. performed
experiments in which binding of StxB to chemically synthesized satu-
rated and unsaturated Gb3s inserted into SLBs composed of DOPC/
sphingomyelin/cholesterol was examined. The presence of unsaturated
fatty acyl chain in Gb3 altered the ratio between Lo and Ld domains,
forming a third intermediate domain,which they termed as liquid inter-
mediate (Li) phase [27]. Also, protein clustering was intensely seen in
the presence of saturated Gb3s, whereas, the toxin was more homo-
genously distributed when bound to unsaturated Gb3s. Therefore, the
binding afﬁnity of StxB to unsaturatedGb3s seemed to bemuch stronger
in comparison to saturated Gb3s. Thus, the fatty acyl composition of Gb3
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in the presence of StxB.
The association of Gb3with lipid raftswas experimentally supported
by Katagiri et al. when they successfully isolated Gb3 receptors by
density gradient centrifugation of detergent-treated plasmamembrane
lysates of human renal tubular epithelium-derived cells [44]. Cholester-
ol depletion-mediated lipid raft disruption may not affect StxB binding
to its receptor, but it did not lead to receptor clustering or toxin internal-
ization, as studied in Caco-2 cells [45]. The receptor loses its functional
signiﬁcance once it is disassociated from lipid rafts (as exempliﬁed in
Fig. 2d, SP-IV or no signaling). On the other hand, depletion of cholester-
ol reduced membrane-bound Gb3 levels. Similar studies conﬁrming
raft-mediated Stx–receptor interactions have been performed in other
cell types [45–47]. Betz et al. also conﬁrmed the localization of Gb3 in
lipid rafts, either together with ﬂotillin-2 or caveolin-1, depending on
the cell type [48].
Binding of Stx to Gb3-rich plasmamembrane domains causes a rapid
membrane re-ordering, leading to membrane bending and tubule for-
mation [33]. The initiation of membrane invagination and tubule
growth is independent of cellular energy and is greatly enhanced
when actin and dynamin function is perturbed. Binding of the Stx mu-
tant W34A (binding site III is inactivated) or an anti-Gb3 antibody to
the receptor did not lead to membrane invaginations in GUVs. The
unique structure and shape of the Stx–Gb3 complex are the primary
cause of membrane tubulation. The high avidity binding of StxB to
Gb3 results in plasma membrane bilayer thickening at the site of bind-
ing. Membrane thickening is also the result of tighter lipid packing in-
duced by receptor clustering [28,33,40]. Asymmetric, compressive
stress exerted by the binding of Stx to Gb3 on the outer plasma mem-
brane leaﬂet led to inward (i.e. negative) membrane bending, which
naturally contributed to tubule formation (see Figs. 1 and 2).
2.1.1.2. Many doors for entry.
In former times, the internalization of Shiga toxin has beendescribed
to be clathrin-dependent, which still holds true [49]. However, recent
reports suggest several alternative routes for its entry, which are inde-
pendent of coat proteins and seem to be driven by lipids. One of the
main evidence of clathrin-independent endocytosis of Shiga toxins is
the formation of long surface-connected membrane tubules [33].
Toxin internalization is independent of raft-associated ﬂotillins or scaf-
folding proteins like annexins, as inhibition of these two proteins in two
independent experiments did not affect toxin entry [50,51]. The toxin-
induced activation of receptor tyrosine kinases such as Yes, Src, Syk
and Lyn in different cell lines mediates the formation of clathrin coated
pits to increase Shiga toxin uptake [44,52,53]. These kinases phosphor-
ylate clathrin heavy chains (CHC), which re-localize to lipid rafts and
mobilise other signaling molecules towards lipid rafts [54]. Syk and
CHC phosphorylations are triggered in less than 10 minutes of infection
by Stx in HeLa cells [52], leukocytes [55] as well as in Ramos cells [56].
Upon stimulation with Stx, Syk is recruited at the toxin entry site and
is phosphorylated at a speciﬁc tyrosine residue, Y352. Differential phos-
phorylation sites on Syk may trigger different signaling events. Syk-
mediated signaling is not the sole entry route for the toxin; however,
this speciﬁc phosphorylation may be a factor, which improves
clathrin-mediated toxin trafﬁcking. Clathrin may not be necessary for
the initial binding of toxin at the plasma membrane; nevertheless,
along with its adaptor molecules, it plays a key role in sorting to the
early endosomes and retrograde trafﬁcking [57].
2.1.1.3. Membrane tubule scission: A brief note. Although in artiﬁcial
systems, membrane tubulation is mostly driven by membrane bending
energetics and line tension, in cellular systems, ancillary proteins may
be involved, which sense the curvature and guide the tubules to be
scissioned and internalized into the cytosol [58,59]. Ezrin, radixin and
moesin family proteins (ERM) are important components involved incell surface association of toxins, which connect the actin cytoskeleton
to lipid rafts. BAR domain proteins and actin ﬁlaments may govern
the ultimate scission process [60,61]. A depletion of these proteins
introduces changes in Gb3 distribution and concentration on the cell
membrane, thereby reducing the internalization rate and retrograde
transport of Stx [62]. When StxB enters ACHN (renal cell carcinoma
cell line) cells, it induces clustering and phosphorylation of Ezrin at
the internal leaﬂet of the plasma membrane. This leads to a cascade of
events that translate into morphological changes observed under
the confocalmicroscope. Takenouchi et al. observed that 10minutes fol-
lowing stimulation, transient increase in concentration and localized
polymerization of actin andα-tubulin occurred. Similar effectswere ob-
served for other proteins such as FAK, CD44 and paxillin. These changes
were triggered by Src, PI3K and Rho-associated kinases [63].
Römer et al. performed an experiment with GUVs to highlight that
cellular proteins modulate the plasma membrane domain formation
in order to facilitate scission. In one instance, temperature shift was
used as a strategy to study cholesterol-dependent domain formation
in GUVs, whereas, in another instance, the actin polymerization ma-
chinery was incorporated into the GUVs in order to visualize cortical
actin-driven membrane domain formation. In both cases, the ﬁnal
outcome was membrane order dynamics-driven scission. In the exper-
iments with GUVs containing actin, scission occurred only when
the presence of cholesterol and cortical actin coincided. In temperature
shift experiments, Stxs were added to GUVs containing cholesterol
or otherwise. In the presence of cholesterol, prolonged incubation at
37 °C, followed by a temperature shift to 4 °C, led to scission of the tu-
bules, causing accumulation of membrane fragments in the lumen of
the GUVs; whereas, in the absence of cholesterol, no scission occurred
despite temperature shift. Thus, in cellular systems, actin coordinates
with cholesterol to drive membrane order changes and trigger line
tension-induced scission [64].
2.1.2. Cholera toxin
Cholera toxin is a proteinaceous virulence factor secreted by the
bacterium Vibrio cholerae, the causative agent of watery diarrhea.
Upon binding to its cellular receptor, the ganglioside GM1, Ctx un-
dergoes retrograde transport to the endoplasmic reticulum via the
Golgi apparatus. Similar to StxB, it is the pentameric B-subunit of Ctx
(CtxB), which transports the A-subunit (CtxA) inside the cell by binding
to GM1. CtxA undergoes cleavage to release the catalytical A1-fragment,
which translocates into the cytosol to catalyze ADP ribosylation of the
Gs α-subunit of GTPases, and to activate adenyl cyclase, leading to a
100-fold increase in cAMP levels. Cytosolic PKA is activated, which
turns CFTR chloride channels on, resulting in a chloride secretory
response in the intestinal epithelium, leading to excessive ﬂuid loss,
watery diarrhea and cholera.
GM1 is the sole functional receptor for Ctx [65]. The crystal structure
of CtxB bound to its receptor GM1 was very ﬁrst elucidated by Merritt
et al. [66]. Each monomer of the pentameric B-subunit contains a single
receptor binding site. Thus, an intact toxin can bind up to 5 receptor
molecules. The terminal sugar moieties of the receptor, consisting of
galactose and sialic acid, are said to be important for toxin binding.
2.1.2.1. GM1 activity is affected by its membrane microenvironment.
Neogangliosides made of varied lipid moieties conjugated to the GM1
oligosaccharide, could serve as receptors for Ctx binding to the mem-
brane; however, they were not functionally relevant as they were inca-
pable of activating adenylate cyclase. Incorporation of a medium to
long-chain aliphatic amine or cholesterol as the lipid moiety in GM1
structure increased its binding efﬁciency to Ctx in rat glioma C6 cells,
whereas conjugation of phospholipid reduced its potency [67,68].
Thus, like Stx, Ctx also needs to be associated with lipid rafts to render
its functions within the host. A cholera toxin variant with a mutation
in its B-subunit, Ct-H57A, remained capable of binding to GM1 with
high afﬁnity, but could not cause cytotoxicity. Only wild-type cholera
863S. Aigal et al. / Biochimica et Biophysica Acta 1853 (2015) 858–871toxin induced cAMP-dependent Cl− secretory response as it was still
bound to the receptor localized within lipid rafts [69]. The lipid rafts
containing Ctx–GM1 complexes are often found to be in close conjunc-
tion with the underlying actin cytoskeleton. Upon actin inhibition,
the toxin-mediated cytotoxicitywas reduced by50–80%, as intracellular
trafﬁcking from the plasma membrane to Golgi apparatus was in-
hibited; however, this did not impair its binding to GM1 [70].
The role of sphingomyelin (SM) and cholesterol in the cytotoxicity of
Ctx in T84 cellswas studied by Chinappen et al. [71,72].When the apical
epithelial surface of T84 cells was treated with sphingomyelinase
(SMnase), Ctx internalization and toxicity were immensely reduced.
Upon addition of exogenous SM, reversal of this process occurred. How-
ever, when cholesterol depletion and SMnase treatment were done
simultaneously, a complete loss of Ctx toxicity occurred, which failed
to recover despite addition of SM. Cholesterol is not a prerequisite for
the initial binding of Ctx to GM1 on the cell surface, but it is necessary
for the assembly of actin cytoskeleton [73]. Cholesterol depletion did
not displace the toxin away from the lipid raft domains; however, its
functionality was lost because actin was displaced from the raft domain
[72]. Cholesterol performs a regulatory role by appropriately blocking or
exposing the carbohydrate moieties of the glycolipid receptor for lectin
binding. In a study conducted on human kidney tissues it was shown
that the GM1 receptor–toxin binding events were increased upon
methyl-β cyclodextrin-mediated cholesterol depletion. However, it is
not known whether the increased appearance of toxin-GM1 clusters
led to increased toxicity [74].
Since each intact CtxB is capable of binding up to 5 GM1 receptor
molecules, it is not surprising that receptor clustering occurs. Like in
the case of Stx, high avidity binding of CtxB to the glycolipid receptor
leads to receptor clustering, membrane curvature and tubulation [34].
The wild-type CtxB associates with lipid rafts. On the contrary, the
CtxB–W88K mutant that poorly binds to GM1 was observed in soluble
fractions. CtxB possessing at least 2 binding sites could cause receptor
clustering and membrane lipid reorganization. Although endocytosis
occurred in all cases, the rate and effectiveness of internalization were
signiﬁcantly higher for wild-type compared to chimeras [75]. It may
be said that mutants containing 1 to 2 binding sites instead of 5 have
attenuated cytotoxicity because they fail to cluster receptors that asso-
ciate to lipid rafts. Amutant of CtxB,which fails to bind to GM1 receptor,
namely, CtxB-G33E, could not modulate immune functions [76]. In a re-
cent study, however, a monovalent mutant toxin was shown to illicit
toxicity, without causing membrane rufﬂing or remodelling [77].
2.1.2.2.Many doors for entry.AsGM1 is always colocalizedwith caveolae,
for many years, it was proposed that caveolin-mediated endocytosis is
the sole route for Ctx entry into a cell [78,79]. However, in human
enterocytes, T84 cells, the entry of Ctx is developmentally regulated,
depending upon corticosteroids and is mediated by clathrin in young,
immature enterocytes. Toxin uptake in adult mature cells was minimal
and caveolin-dependent [80]. In Caco-2 cells, Ctx internalization took
place even when the cells were devoid of caveolin [81,82]. In HeLa
cells, its entry is through clathrin-mediated endocytosis and also by a
clathrin- and caveolin-independent, Arf6-dependent process [83].
Massol et al. used ﬂuorescently-tagged Ctx to microscopically study
the effects of clathrin, caveolin or Arf6 inhibition individually, or all at
once [83]. The inhibition of each of these and dynamin was done by
using appropriate dominant mutants. When all the doors for toxin
entry were blocked, toxicity was still observed, even when no ﬂuores-
cence was observed. This hinted the existence of an alternative route
for toxin entry that is Arf6- and dynamin-independent. A different
endocytic route was implicated in yet another cell line (Cos-1 cells),
where depletion of coat proteins ﬂotillin-1 and -2 rendered these cells
resistant to Ctx [84]. Flotillins form their own microdomains or plasma
membrane puncta and invaginate membranes away from the caveolae
[85,86]. In caveolin-1 knockout mouse embryonic ﬁbroblast cells,
GPI-enriched early endosomal compartments (GEEC) were used forthe toxin uptake [87]. The intracellular journey of Ctx is reviewed else-
where [88,89].
Like Stx, Ctx binding to GM1 in artiﬁcial membranes instigates a
spontaneous negative membrane curvature and tubule formation [34,
58,90,91]. In a study conducted on SLBs, high GM1 concentration led
to an inhibition of CtxB binding to the membrane. This meant that a
high density of GM1 receptors in the plasmamembranemay not neces-
sarily lead to a stronger toxin–receptor interaction. Clustering of GM1
receptors may prevent further binding of CtxB [92]. According to a re-
cent study by Watkins et al. Ctx bound to GUVs, infringed geometrical
constraints, which restricted position and orientation of bound recep-
tors. This in turn led to the formation of the textured lipid phase (Lt).
This phase may appear in various toxin–receptor interactions occurring
at the plasma membrane involving nanoscale lipid clustering. Coopera-
tive lipid rearrangements aided by long saturated alkyl tails may also
assist in the formation of the Lt phase [26]. Although these new lipid
phases are yet to be observed in native cell membrane systems, their
existence in artiﬁcial systems helps in speculating that toxin–lipid inter-
actions may happen in real systems. The formation of new lipid phases
due to receptor clustering may inﬂuence both the outer and the inner
leaﬂet of a native cell membrane, translating to a new era of lipid-
based signal transduction processes.
2.1.3. Galectin-3
Membrane tubulation is not restricted to the microbial world alone.
Recently, Lakshminarayan et al. reported on clathrin-independent
membrane invaginations induced by a human lectin, namely, galectin-
3 [93]. Monomeric galectin-3 binds to cell surface glycosylated
glycoproteins such as CD44 and α5β1-integrins. They suggest a model
in which monomeric galectin-3 binds to complex N-glycans on
the cell surface, to oligomerize and form pentamers through its N-
terminal domain. Upon oligomerisation, galectin-3 gained ability to
bind glycosphingolipids. This crosslinking and clustering of CD44,
α5β1-integrins and glycolipids created a membrane niche that favored
membrane tubulation in a clathrin-independent manner. When His-
tagged galectin-3 was added to GUVs containing 5 mol% of mammalian
cell-derived glycolipids (which were nickel chelating lipids, as galectin-
3 showed poor afﬁnity to native glycolipids), it was homogenously
distributed. After 15 minutes, galectin-3 clustering was observed,
which developed into tubular membrane invaginations at 30 minutes.
The carbohydrate recognition domain (CRD) of galectin-3 binds to gly-
colipids, which creates tubular structures called clathrin-independent
carriers (CLICs) in cells, in an actin cytoskeleton dependent process.
2.1.4. Neolectins
Although multivalency of carbohydrates has been extensively stud-
ied, the role of lectinmultivalency has not been evaluatedmuch,mainly
because of the lack of appropriate tools. Controlling the number and to-
pology of binding sites in lectins is very challenging since in most cases
the multivalency results from the oligomeric association of glycan-
bindingdomains. Recently, it has been described that the bacterial lectin
RSL from Ralstonia solanacearum induced membrane invaginations in
GUVs containing fucosylated glycolipids. RSL consists of a tandem
repeat of two β-sheets that trimerizes as a six-bladed β-propeller with
six binding sites in total. Reducing the valency from six to three by engi-
neering one of the two binding sites permonomer resulted in a trimeric
trivalent lectin that lost the capacity to inducemembrane invaginations
in GUVs [94]. A further step forward to control the number and the
position of each of the binding sites in order to decipher the role of
multivalency on membrane dynamics of glycolipids was the design of
neolectins [95,96]. Starting from the trimeric hexavalent bacterial lectin
RSL, a monomeric hexavalent neolectin was engineered with similar
functional properties by introducing appropriate linkers. From this mo-
nomeric neolectin template, different neolectins with valencies ranging
from 0 to 6 were designed and analyzed for their ability to induce neg-
ative membrane curvature and invaginate glycolipid-containing GUVs.
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ing sites, the ability to invaginate membranes critically depends on the
distance between two adjacent binding sites. The hypothesis that
close proximity of carbohydrate binding sites is a prerequisite for mem-
brane curvature by bringing lipids close to each other is in agreement
with the topology of RSL (distance of 15 Ǻ). It would be interesting to
see how lectin valency inﬂuences the induction of cellular signaling
events.
2.2. Plasma membrane reorganization induced by non-enveloped viruses
Viruses, as commonly perceived, are organisms at the borderline
between living and non-living. Their only means of reproducing is by
invading a host. The capsid proteins of the viruses establish the ﬁrst
contact to the host cell. Although viruses vary in size, shape and protein
composition in comparison with toxins, their entry into the host cell
exploits common features – binding and clustering of glycolipids (see
Fig. 2e).While enveloped viruses invade host cells bymembrane fusion,
non-enveloped viruses cannot do so. Non-enveloped ones bind to re-
ceptors on host membranes via their capsid proteins. The mechanism
by which these non-enveloped viruses enter hosts is still not well
understood. One strategy employed by them to enter host cells may
be the induction of tubular plasma membrane invaginations as seen in
the case of SV40, human polyomavirus, and norovirus. Attachment of
non-enveloped viruses to glycolipids on model membranes is guided
by multiple weak interactions between glycolipids and virus capsids,
which increase the binding avidity [97,98].
2.2.1. Simian virus 40
SV40 belongs to the polyomavirus family and is often used as a
model system for non-enveloped viruses. It binds to sialic acid moieties
of the glycolipid receptor GM1 via its VP1 pentamers [99]. It has a 45 nm
diameter capsid, made up of 72 icosahedrally-arranged VP1 pentamers
containing up to 5GM1binding sites per unit. Once bound to the plasma
membrane, SV40 induces its own endocytic internalization by trigger-
ing local tyrosine phosphorylation, leading to transient changes in cave-
olae and actin cytoskeleton [34]. Three to 6 hours post infection, virions
enter the endoplasmic reticulum, where disassembly begins to release
the viral genome into the nucleus.
2.2.1.1. GM1 fatty acyl chains determinemembrane invagination and infec-
tion. The lipid tail of GM1 is one of the crucial factors determining the
invasiveness of SV40. Ewers et al. studied the role of acyl chain length
and saturation on SV40 internalization by incorporating natural and
synthetic GM1 molecules with varying fatty acyl chains into a mouse
melanoma cell line lacking cell surface GM1 (GM95). Upon incubating
these cells with recombinant virus like particles (VLPs) derived from
SV40, binding occurred irrespective of the GM1 species used, but, inter-
nalization occurred only in cells containing long chain acyl groups [34].
Membrane invaginations were also observed when ﬂuorescently
labelled VLPs were incubated on GUVs made of DOPC/cholesterol/
native-GM1 (68:30:1). Most GM1 species, except the short chain
ones, induced invaginations irrespective of their saturation status.
Long acyl chains promote the formation of Lo phase, which causes later-
al aggregation of ligand–receptor complexes that lead to spontaneous
invaginations. While saturated acyl chains prevented membrane
tubulation as in the case of Stx, it had no such effect on SV40.
The role of cholesterol is complex because in GUVs, presence or
absence of cholesterol did not alter the ability of SV40 to induce mem-
brane tubulation [34], whereas depletion of cholesterol in CV-1 cells
blocked the virus uptake by 90–95% [100]. Apart from cholesterol,
actin is also a crucial player, since its sequestration reduces SV40 inter-
nalization by 60–65%. Beneath the site of virus entry, at the cytosolic
side of the raft, actin patches and tails are induced, which restrict the
lateral mobility of caveolae. These actin-rich structures are crucial for
attacking the host system [100]. Interestingly, Ewers et al. reportedthat SV40-induced membrane invagination occur even in cases such
as actin disruption, cholesterol depletion, inhibition of tyrosine kinases,
loss of caveolar coats, and complete lack of active cellular machinery
(both on GUVs and energy-depleted cells) [34]. These factors may be
needed for scission processes, but may not be necessary for initial
events of virion binding and membrane invagination.
During infection, virions move laterally on the plasma membrane,
until they are trapped in spots containing caveolae [100]. Kukura et al.
visualized in real time, nano-dynamics of ﬂuorescent quantum dot-
tagged SV40 VLPs on DOPC-based SLBs doped with GM1. At low recep-
tor concentration (0.05 mol%), initial sliding motion of the virion along
the membrane continues up to several milliseconds, followed by a
change in motion, resulting from the exchange of binding partners.
This suggests that the virion binds to several receptors during its jour-
ney on the membrane, even when the receptor concentration is low.
At high receptor concentration (1 mol%), a rocking back and forth
motion was observed, with a step size of 8.5 nm (comparable to the
space between 2 viral pentamers). The rocking motion conforms to
the constant swapping of receptors and viral pentamers and aggrega-
tion of receptors in nano-domains [101].
Induction of membrane curvature is not restricted to VLPs, as VP1
capsid proteins that lack the ability to assemble into VLPs also invagi-
nate GUVs. Ewers et al. studied the difference in nucleation and growth
of membrane tubulation induced by VP1, CtxB and SV40. VP1 and CtxB
are both pentamers and contain 5 receptor binding sites each. However,
it takes only a few seconds for VLPs to induce invaginations, whereas
isolated VP1 pentamers and CtxB take minutes to do so. In the case of
pentamers, due to lack of intrinsic curvature, they form aggregates at
the membrane binding site, which nucleate to form larger membrane
deformations. The membrane invaginations induced by VLPs are driven
by adhesion energy (see Fig. 2). Increasing the membrane tension (for
example, by addition of sphingomyelin), led to inhibition of tubule
formation by CtxB. However, SV40 VLPs were able to do so, again by
taking advantage of their intrinsic curved shape. VLPs organize their
GM1 binding sites in a way that overcomes high tension. Like SV40,
human polyomavirus VLPs also induce tubular invaginations on GUVs
containing their ganglioside receptor GD1a [102].
2.2.1.2. Interplaywith integrin signaling.Apart fromGM1, SV40 also binds
to integrins in order to activate signaling pathways that aid in host
invasion [103]. When SV40 binds and clusters integrins, ILK, PDK1, the
RhoA GTPase GRAF1 and RhoA-dependent signaling network is activat-
ed and ezrin dephosphorylation occurs, which uncouples the cortical
actin from the plasma membrane. Within the ﬁrst 5 minutes of SV40
binding to the plasma membrane, PI3K is recruited, which phosphory-
lates Akt. Six different integrins appear to take part in mediating signal-
ing events within 30minutes of SV40 binding to the plasmamembrane.
Membrane tubulation is achieved when phosphorylated ezrin is com-
pletely removed. Simultaneous silencing of caveolin-1 and ezrin inhibits
SV40 internalization. SV40 internalization also depends on other
membrane-associated signaling factors such as Fyn, p21-activated
kinase-6 (PAK-6) and sphingosine kinase 1 [104]. An interesting point
to be noted is that the ERM protein ezrin plays different roles in Shiga
toxin- and SV40-mediated signaling. Shiga toxin induces ezrin phos-
phorylation whereas SV40 induces its dephosphorylation [62,103].
Although these signaling events happen independently of GM1 receptor
clustering, it is possible that this glycolipid clustering mechanism
required formembrane tubulation is governed by signaling events initi-
ated by integrin clustering.
2.2.2. Norovirus
The human norovirus which is a positive sense ssRNA, non-
enveloped viruswith a size of 28–38 nm is the causative agent of winter
vomiting disease. It is one of the major causes of non-bacterial acute
gastritis. As little as 5 to 20 virus particles are enough to cause an
infection. It has 180 copies of the major capsid protein VP1 and a few
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mechanism of viral entry, and speciﬁc receptors for the cellular uptake
are still incomplete, as there is a lack of good in vitro models for
norovirus cultivation [105]. Hence, VLPs derived from recombinant
virion capsids are used in experiments with GUVs. Based on studies of
recombinant VP1 protein, it is revealed that most norovirus strains use
histo-blood group antigens with terminal fucose as their receptors
[106]. VLPs of the clinically dominant Dijon strain of norovirus bind,
cluster glycolipids and induce a negative membrane curvature
on GUVs [107]. The VLPs bound and clustered on GUVs containing α
(1 → 2)-fucosylated glycolipids such as H type 1, Leb, B type 1and
ALeb. In another study, a norovirus VLP was shown to bind to 6–12
glycolipids on artiﬁcial vesicles [97]. The clusters formed by norovirus
VLPs are quite few and distant from each other, due to which tubule
formation occurs, but is undersized when compared to the membrane
tubules formed by SV40 VLPs. This may be because distances between
receptor binding sites present on SV40, Stx or Ctx are far lesswhen com-
pared to norovirus. It is possible that noroviruses, like the cargoes
discussed in the previous sections, may take a glycolipid-mediated
endocytic route to invade its host.
2.3. Plasma membrane reorganization induced by bacteria
Bacterial pathogens use a multitude of strategies to infect host cells
in order to fulﬁll their nutritive and metabolic requirements. For a suc-
cessful infection, pathogens need to adhere, colonize and invade cells,
undergo intracellular multiplication, spread to other host cells, remain
persistent by corrupting host cell function and establish a disease state
[108]. Lipid raft microenvironment is a critical factor determining the
invasivity and infectivity of bacteria such as Shigella, Salmonella, E. coli,
and P. aeruginosa. Lipid rafts are involved in cell surface binding and
activation of T3SS, effector protein translocation and activation of
signaling pathways [109]. The protein milieu within a bacterium is so
diverse, yet several of its functions for promoting cellular invasion
are redundant. Most bacteria, such as P. aeruginosa [110], Listeria
monocytogenes [111], and Helicobacter pylori [112], to name only a
few, exploit the PI3K/Akt pathway to promote their invasion into the
eukaryotic cell. Akt1/2 modulates actin cytoskeletal organization,
which is a crucial step for the entry of pathogens employing either
trigger or zipper mechanisms. Bacteria can induce receptor clustering
in lipid rafts by interactionwith both glycoproteins aswell as glycolipids
(see Fig. 2f). Here, we emphasis on glycolipid clustering-induced signal-
ing and entry, and later provide a brief remark on glycoproteins.
2.3.1. P. aeruginosa
P. aeruginosa (PA) is an opportunistic human pathogen, which
causes lethal lung infection in cystic ﬁbrosis, AIDS and other immune-
compromised patients. It has the ability to form bioﬁlms, and exist as
a multicellular community, which makes it highly resistant to most
antibiotics. It targets several lipid raft-associated receptors such as
CFTR, Gb3, GM3, asialo-GM1 and α5β1-integrin on host cell surfaces
[113–116].
2.3.1.1. Bacterial effectors manipulate early host cell signaling. The clinical
relevance of glycolipids on CF patients has been previously explored
[117]. In a recent study, depletion of CFTR was shown to alter sphin-
golipid distribution on the cell membrane, which led to an inﬂamma-
tory response within the host cell. In the airway epithelium, CFTR
depletion caused a 60% reduction of GM1, due to which β-integrin
signaling, and phosphorylations of focal adhesion kinase (pFAK) and
Crk-associated substrate (pCAS) were inhibited [118]. PA also binds to
N-glycans at the apical membrane (AP) and heparin sulfate proteogly-
cans (HSPGs) at the basolateral membrane (BL) of polarized cells
[119]. Binding to the host cell is mediated by adhesins such as F-pili,
exoenzyme S, and lectins such as LecA and LecB. PA contains a type III
secretion system (T3SS) that triggers the entry of effector proteinsinto the host cell to create a suitable habitat within the host [120].
Entry of PA into host cells leads to the activation of Src family tyrosine
kinases such as Src, Fyn and Lyn [121–124]. The Src family kinase Lyn
is associated with the cytosolic side of the glycolipid-enriched plasma
membrane lipid rafts, where it triggers PI3K/Akt activity, leading to PA
phagocytosis in a raft-dependent manner.
Two bacterial appendages, namely Type IV pili (Tfp) and ﬂagellum,
perform dual functions of adhesion and invasion. While pili mediate
bacterial adhesion and invasion at the AP surface, the ﬂagellum does
the same at the BL surface of polarized epithelial cells. It was de-
monstrated that ﬂagella-coated beads could bind to heparin sulphate
at the BL surface and Tfp-coated beads to N-glycans at the AP surface
of polarized epithelial cells. The BL binding of Tfp-coated beads was
enough to cause phosphorylation of EGFR and its downstream adaptor
protein Shc. It can be deduced from this that Akt phosphorylation may
follow in vivo, which was not well deﬁned during in vitro experiments
with coated beads [119]. In two separate studies, Kierbel et al. showed
that PI3K/Akt activation occurred at the apical surface of polarized
epithelial cells, leading to huge membrane protrusions formed at the
site of bacterial attachment enriched for actin and PIP3, a protein nor-
mally found at the BL surface of uninfected MDCK cell [110,125].
These protrusions were formed mainly due to bacterial aggregates
attached to the surface [126]. Lyn is indispensable for aggregate forma-
tion and internalization of bacteria loaded membrane protrusion. It
can be speculated that binding of a single bacteriumon the host cell sur-
face recruits other bacteria by a quorum sensing mechanism, to form
microcolonies. This leads to a sequence of events such as stimulation
of Lyn kinase, PI3K activation, apical accumulation of PIP3, formation
of membrane protrusions, and ﬁnally to internalization. Several more
receptors and signaling pathways with players such as Abl/Crk [127]
and Lyn [126] are known to be involved in the entry of PA, formation
of phagocytic cups and host innate immune responses following
invasion.
There are many questions, whose answers are being explored, such
as: Exactly when and how these signaling events are triggered? Are
these events sequential or concomitant? What are the speciﬁc cell sur-
face receptors for such events? Lipid raft-mediated internalization of
some strains of PA has been reported [114,128]. Receptor clustering-
mediated signaling covering a larger surface area of the host cell is yet
to be studied.
2.3.1.2. The interactions of the P. aeruginosa lectin LecA with Gb3 trigger
plasma membrane invaginations. It is interesting to know how quite dif-
ferent cargoes such as Stx, Ctx, SV40 and norovirus induce membrane
curvature and invaginations by binding to and clustering of glycolipids.
Can some bacteria exploit common features?
The PA lectins LecA and LecB that are also exposed at the outer
bacterial surface, not only serve as adhesins by binding to sugarmoieties
on the host cell surface [129], but also aid in bioﬁlm formation and
virulence. Studies with PAO1 ΔlecAmutants showed that the invasion
of H1299 lung epithelial cells was reduced by 61.3% when compared
to PAO1 wild-type [130]. Ectopic expression of lecA transformed the
non-invasive E. coli BL21 strain into an invasive one [130]. LecA is a
homotetrameric, galactose-binding lectin that speciﬁcally binds to Gb3
on host cell membranes. Upon depletion of Gb3, the invasiveness of
PAO1 wild-type was reduced by 69.0% compared to untreated H1299
cells. LecA and Gb3 as interaction partners trigger the formation of a
lipid zipper that drives membrane invaginations in GUVs as well as in
the non-phagocytotic cell linesH1299 andMDCK (MadineDarby canine
kidney cells) [130]. T3SS effector proteins, actin and other signaling
molecules are dispensable for the LecAbinding to Gb3 and the induction
of plasma membrane invaginations, but they may assist this glycolipid-
driven process in cells. The lipid zipper mechanism has a strong depen-
dence on cholesterol content of GUVs, as its depletion led to 65% de-
crease in zippering efﬁciency. A theoretical model has been developed
to further understand the thermodynamics of membrane engulfment
Table 1
Selection of microbial players and host cell interaction partners that induce cell signaling and internalization, mostly by receptor clustering.
Microbial agent Subunit types/shape Receptor(s) Association with
lipid rafts
Signaling molecules proximal
to plasma membrane
Cellular entry route Reference
Bacterial toxins and lectins
Shiga toxins AB5 Gb3 (GLa)
TLR4 (GPb)
Yes
Yes
Src, Yes, Lyn, Ras, PI3K, Akt,
Ezrin, Rab5, Rab12, CD44
1. Clathrin-dependent
2. Caveolin-dependent
3. Clathrin- and caveolin-independent
[53,56,136]
[62,137,138]
[33]
Cholera toxin AB5 GM1(GL) Yes Signaling induced away from
the plasma membrane
1. Caveolin-dependent
2. Clathrin-, caveolin-, Arf6-independent
3. Flotillin-dependent
[78]
[61,83,139]
[71]
LTI and IIc AB5 GD1b (GL) Mostly associated
with rafts
Signaling induced away from
plasma membrane
Similar to Ctx [140]
Diphtheria toxin AB Heparin binding EGFR (GP) No Binding to EGFR, inhibits its
mitogenic activity
Clathrin-dependent [141,142]
Botulinum toxin
BoNT
Single polypeptide
(inactive form)
GD1a, GT1b, GD2 (polysialo-
gangliosides) (GL)
Yes PI3K/Akt, Lyn 1. Fluid phase endocytosis
2. Receptor-mediated endocytosis
[143,144]
[145]
Tetanus Toxin TeNT Single polypeptide
(inactive form)
p15 (GPI-AP)
GD1a, GT1b, GD2 (polysialo-
gangliosides) (GL)
Yes Akt and ERK-1/2, PKCδ AP2-dependent, epsin-independent,
clathrin-mediated endocytosis
[146,147]
Pseudomonas exotoxin A Single polypeptide chain α2 macroglobulin
LRPd (GP)
Partly associated
with lipid rafts
Signaling events occur away
from the plasma membrane
Clathrin-dependent [148]
LecA Tetrameric polypeptide Gb3 (GL) Yes Akt, unknown Unknown, lipid zipper (proposed) [130]
LecB Tetrameric polypeptide Unknown, β-integrins (GP)
(speculated)
Unknown Rac1, PI3K Unknown, macropinocytosis (proposed) (Unpublished
data)
Plant toxins
Ricin AB Cell surface galactosides
(GL and GP)
Yes Signaling events occur away
from the plasma membrane
1. Pinocytosis
2. Clathrin-mediated
3. Clathrin- and
cholesterol-independent
[149–151]
Abrin AB Cell surface galactosides
(GL and GP)
Yes Signaling events occur away
from the plasma membrane
Pinocytosis [150]
Viruses
SV40 Icosohedral capsid GM1 (GL)
α2β1-integrin (GP)
Yes ILK, PDK1, RhoGAP GRAF1
and RhoA, Ezrin
Caveolin-dependent endocytosis [34,103]
Murine polyoma
virus (Py)
Spherical, icosohedral capsid GD1a/GT1b Yes ShcA, PI3K, and PLC-γ1 Clathrin-, caveolin-, and dynamin-
independent endocytosis
[152]
Norovirus Spherical capsid α(1 → 2)-fucosylated
glycosphingolipids H
type 1, Leb, B type 1and ALeb
Yes JNK, ERK Clathrin- and caveolin-independent,
dynamin- and cholesterol-dependent
pathway
[106,107,152]
HIV Spherical, enveloped virus CD4, co-receptors such as
CCR5 and CXCR4
Yes Ezrin, moesin and ﬁlamin A,
Pyk2, ITK Rac1, PAK1/2,
LIMK1 and coﬁlin
Glycoprotein- and dynamin-
dependent endocytosis
[153,154]
Inﬂuenza A Spherical, ﬁlamentous
or pleomorphic
Sialic acid Yes PI3K, Rac1 and Src, EGFR 1. Clathrin-dependent
2. Caveolin-dependent
3. Clathrin- and
caveolin-independent
4. Macropinocytosis
[155,156]
Rotavirus Non- enveloped,
icosohedral, spherical
GM1, GM3, integrin
subunits α2 and β3,
heat shock protein Hsc70
(GL and GP)
Yes Signaling events not localized
to the plasma membrane
1. Dynamin-dependent, clathrin-
and caveolin-independent endocytosis
2. Lipid raft-mediated endocytosis
[157]
Bacteria
Pseudomonas aeruginosa Gram (−) rod CFTR, Gb3, GM3, α5β1
integrin
Yes pFAK, Crk, Rho, Cdc42, Rac1,
RalA, Src, Fyn and Lyn
Trigger-mediated endocytosis [128,158,159]
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from LecA-induced Gb3 clustering is fully sufﬁcient to induce mem-
brane invaginations [130].
3. Does glycoprotein receptor clustering also lead to signaling
and internalization?
So far, we have emphasized the importance of glycolipid clustering
in internalization of pathogens or their products into host cells. Glyco-
proteins, like glycolipids, contain carbohydrate moieties that can be
recognized by pathogens and their products such as toxins. There are
growing evidences, which suggest that clustering of glycoproteins on
the plasma membrane is also functionally relevant for some host-
pathogen interactions.
L. monocytogenes, a Gram-positive opportunistic pathogen, utilizes
its cell surface proteins, internalins A and B, to bind to the host cell
receptors E-cadherin and hepatocyte growth factor receptor Met
(HGFR Met), respectively [131]. Once bound, receptor clustering and
downstream signaling events follow, which induce membrane rear-
rangements to engulf the bacterium into a vacuole. The bacteria arrest
host cell actin for ﬁlopodium formation and bacterial spreading from
one cell to another. Internalin A receptor, E-cadherin, interacts with α-
and β-catenins, ARHGAP10 (the GTPase activating protein for RhoA
and Cdc42), and Arf6 on its cytosolic side, to transiently bind to actin
cytoskeleton. E-cadherin clustering recruits Src kinase, which allows
clathrin to reach the bacterial entry site leading to its internalization.
Internalin B mediates actin polymerisation in a Rac1-dependent path-
way. Clathrin may also play a role in the entry process by recruiting
dynamin, which in turn employs cortactin to activate Arp2/3 for actin
polymerization [132].
Yersenia pestis is a plaque causing Gram-negative pathogen. Upon
binding of its outer membrane invasin to β1-integrin, receptor cluster-
ing occurs, which activates the PI kinases and Rac1 pathway [133]. The
Rac1 pathway and Arf6-induced activation of PI5K (a lipid kinase,
which mediates actin dynamics), lead to formation of the phagocytic
cup engulﬁng the bacterium via a zipper mechanism [134,135].
4. Conclusions
Many biological ligands exploit the dynamic nature of the host cell
plasma membrane, in particular glycolipid receptor clustering, for the
induction of signaling and internalization. Coat proteins such as clathrin
and caveolin are dispensable when glycolipid clustering mediates host
cell entry. A recently published report suggests that glycolipids are
actively involved in the biogenesis of clathrin-independent carriers
(CLICs) [93]. Toxins, viruses and bacteria — 3 totally different cargoes
in terms of size, shape and complexities— yet behave similarly when it
comes to the question of gaining entry into the host cells. The common
feature relies in lectin-induced glycolipid clustering. The main dif-
ference in the formation of invaginations is the physical mechanism
that drives it. In the case of small ligands such as toxins, membrane
tubulation results from asymmetric compressive stress due to high den-
sity toxin–receptor clustering. The receptors and lipids on a resting
membrane are diffusive in nature; hence the entropy of the system is
high. This situation changes when a ligand binds to the membrane, as
receptors begin to cluster, forming their own small nano-domains
owing to their heterogeneous nature. Ligand binding thus leads to
lipid sorting, thereby resulting in loss of entropy of the membrane sys-
tem. Also, a line tension is developed at the membrane boundary be-
tween clustered and non-clustered receptors. Membrane invagination
occurs only when membrane tension is smaller than the ratio of the
line tension to the particle (ligand) size [34]. Membrane deformation
by toxins is always a collective effect as toxin–receptor complexes
move collectively and thus reduce lipid sorting-induced entropic penal-
ty. In the case of non-enveloped virion capsids, in addition to receptor
clustering, the intrinsic spherical shape imprinted on the plasma
868 S. Aigal et al. / Biochimica et Biophysica Acta 1853 (2015) 858–871membrane leads to membrane invaginations. Although intrinsic spher-
ical shape is dispensable for inducing membrane deformation, as seen
from the experiments with isolated pentameric VP1, it aids in faster
tubulation. Unlike toxins, aggregation of virions is not dependent on
line tension, but is driven by adhesion energy. Contrary to the toxins,
virions can inducemembrane invagination even at highmembrane ten-
sion. For still larger cargoes such as bacteria, surface-bound lectins may
serve as ligands to glycolipid receptors. In the case of P. aeruginosa, a sin-
gle bacterium induces a plasma membrane invagination, as the adhe-
sion energy derived from LecA-triggered Gb3 clustering is more than
sufﬁcient to overcome the energy penalty for membrane bending. The
nucleation of membrane invaginations and the growth of tubules are
driven by the total energy of the system. The adhesion energy can over-
come energetic penalties resulting from the local mechanical properties
such asmembrane tension and line tension, and also the loss in entropy.
The initial signaling events when the ligands are still connected to the
plasma membrane are targeted to induce cytoskeletal actin rearrange-
ment, which aids in successful internalization and routing to functional-
ly relevant cytoplasmic compartments.Acknowledgements
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